ABSTRACT Two groups of48 rats of the AF/HAN strain were exposed for one year to respirable dust clouds of UICC chrysotile asbestos at a dose level of 10 mg/m3. One group was treated with dust carrying the normal electrostatic charge produced during dust generation, whereas the other was exposed to dust discharged by exposure to ionising radiation from a thallium-204 source. After dusting most animals were retained for their full life span. At the end of the dusting period those animals treated with normally charged dust had significantly more chrysotile retained in their lungs than animals exposed to discharged dust. Subsequently, animals treated with normally charged dust developed more pulmonary fibrosis and more pulmonary tumours. These findings suggest that the charge carried by airborne fibres should be taken into account when considering the health risks from exposure to chrysotile. Highly charged fibres are more likely to be deposited in lung tissue and thus constitute a greater hazard.
Airborne mineral dust particles can carry considerable electrostatic charge which is usually gained during the process of dust dispersion. This property has been examined in experimental studies by a number of workers'-3 and also in the factory environment4 (Alkosenko, International Conference on Harmful Dust in Mines, Gottwaldor 1970). Much of the published work relates to non-fibrous dusts (particularly coal). Less has been published about fibrous dusts, but the information available suggests that fibres can carry a higher individual charge than compact particles of equivalent aerodynamic size. 5 The available overall evidence from inhalation studies suggests that highly charged particles deposit more readily in lung tissue and this electrostatic enhancement of lung deposition is greater for fibrous than for non-fibrous dusts. This experimental evidence is consistent with the deposition theory based on the effects of electrical image forces,6 which also suggests that the magnitude ofthis effect is proportional to fibre length. In most circumstances the aerosol contains about equal numbers of positively charged particles and negatively charged particles.
Studies with human volunteers have shown that the pulmonary deposition of inhaled aerosols of isometric particles may be considerably increased by the electrostatic charge carried by the individual Accepted II May 1987 particles7-9 and similar results have been obtained in experimental animals.'0 "
In further studies the deposition of amosite and chrysotile asbestos, both charged and discharged, was examined in rats.'2 1 ' It was reported that rats exposed for six weeks to a charged cloud of amosite had 24% more dust in their lungs than animals exposed to a similar dust cloud that had been discharged by passage through a thallium-204 source of 3 particles. For chrysotile the effect was even more pronounced, with animals exposed to charged dust retaining double the amount of dust at the end of the dusting period than those exposed to a discharged dust cloud. The results indicated that the enhancement of deposition associated with electrostatic charge takes place in the alveolar region of the lung.
The present study was undertaken to examine the deposition of charged and discharged chrysotile clouds over longer periods than in previous studies and to determine whether or not differences in the amounts of retained dust were sufficient to produce differences in pulmonary pathology.
Materials and methods

DUST GENERATION AND MONITORING
The dust inhalation phase of this study was undertaken in inhalation chambers of the type described Effects ofelectrostatic charge on the pathogenicity ofchrysotile asbestos previously.'4 The animals were housed, fed, and watered in the chamber throughout the exposure phase.
The dust clouds were generated using modified Timbrell fibrous dust dispensers.'4"' To reduce the electrostatic charge the dispersed dust from one dispenser was exposed to ionising radiation from a thallium-204 source of ,B particles before entering into the exposure chamber. The dust from the other dispenser was ducted directly through an identical set of pipework to the other exposure chamber.
The respirable dust mass concentrations were measured daily using the Casella MRE 11 3A gravimetric sampler'6 with samples taken for the full seven hours of dust exposure and on each of the 224 days of dusting. The total dust concentrations were measured using open face 50 mm diameter filter holders facing downwards with seven hour samples collected daily on ten days at a flow rate of 2 1/min.
The fibre number concentrations and size distributions were assessed from Nuclepore filter and membrane filter snatch (or very short period) samples collected using 25 mm diameter Gelman heads (open face filters) on 85 separate days. The membrane filter samples were examined using phase contrast optical microscopy (PCOM) at x 600 magnification, and counts made of fibres with length greater than 5 pm, aspect ratio greater than 3:1, and diameter less than 3 gm. The counting procedures are essentially the same as those used routinely for assessing membrane samples from occupational environments.'7 18 The Nuclepore samples were examined using scanning electron microscopy (SEM) to produce fibre size distributions for fibres longer than 0-4 microns, with measurements taken from the video screen at x 10 000 magnification. The minimum length specified for the measurements corresponds to a detection limit of 01 pm diameter for fibres with approximately 3:1 aspect ratio.
As an aid to achieving the target respirable dust concentration, the differential pressure across a membrane filter sample was monitored as it rose in proportion to the amount of dust collected during the day. The dust generation system and chamber ventilation were adjusted appropriately in response to the rise in differential pressure and in response to the dust concentration achieved on the previous days.
The magnitude of the electrostatic charge carried by the fibres was measured using an electrostatic elutriator and an optical particle counter (Royco Instruments, Inc) as described elsewhere.'2 13 The elutriator consisted of four rectangular channels, similar to that of a Casella type MRE 11 3A respirable dust sampler, modified to provide a uniform electric field between adjacent plates by grounding three of the plates and applying an electric potential to the other two. Measurements were made ofthe fibre penetration as a function of the applied voltage, comparing the number of fibres penetrating the electrified elutriator with those penetrating the same elutriator at earth potential. In this study the penetration function was determined by recording the changing rate of counts from an optical particle counter as the voltage applied to the elutriator was increased. In the previous study it was shown that equivalent descriptions of the penetration function (from which the charge is calculated) may be obtained either from counts produced by an optical particle counter or from counts produced manually by optical microscopy from membrane filters. '3 The magnitude of the charge levels was determined from the penetration function measured in terms of counts. As a semiquantitative check on the maintenance of the appropriate charge levels on the dusts in each exposure chamber, the same type of electrostatic elutriator was used regularly at fixed flow rate and applied voltage in each chamber. The dust penetrating through the elutriator was collected on membrane filters and assessed gravimetrically. The amount of dust penetrating was then compared daily with the mass concentration in the chamber, and these comparisons give a regular indication of substantial differences in charge level between the two dust exposures.
ANIMAL INHALATION STUDIES
For the inhalation studies, groups of 48 SPF male Wistar rats of the AF/HAN strain were exposed to chrysotile dust clouds (UICC chrysotile "A") either charged or discharged, for seven hours each day, five days a week for a total of 224 days during a period of 12 months. The animals were 10 weeks old at the start of dusting. Two batches of 36 and 25 undusted animals, maintained within the same unit, were available for comparison as controls.
Four animals from each experimental group were killed at the end of the 12 months dusting period and four more were killed six months later. The remaining animals were left for their full life span except that the study was terminated when the number of survivors in one group had dropped to six. Estimations of early fibrotic lesions were limited to the small groups of animals from the first two killing dates. For the more advanced alveolar interstitial fibrosis occurring in the oldest animals, however, all those dying within two months of the final killing date were included. In practice this produced groups of 13 Lung dust estimations were performed on animals from the first two killing dates. Only the left lung was used so that the right lung was available for histological studies. (Studies in this laboratory have shown that the ratio of dust content between left and right lungs after experimental inhal-ation of fibrous dust such as asbestos in rats is approximately 0-6:1, and this correction factor was therefore used to estimate the total pulmonary dust burden for each animal.) Dust retained in the lungs was recovered by a low temperature plasma ashing process using a Nanotech P100 apparatus. After tissue ashing, the chrysotile residues were washed in distilled water at room temperature before estimations of the amounts of retained fibre were made using infrared spectroscopy techniques.2' STATISTICAL TECHNIQUES Survival functions for each experimental group were estimated using the product limit method.22 The survival curves for the different series were tested for homogeneity using the Generalised Wilcoxon (Breslow) statistic in the statistical package BMDP. 23 To compare the overall mortality of the two groups of animals, the death of an animal as part of a planned kill was treated as a censoring event and all other deaths were treated as responses. Incidence of tumours in particular sites was also compared by estimating survival functions. All deaths of animals without nonDavis, Bolton, Douglas, Jones, Smith pulmonary tumours were recorded as censoring events, whereas non-pulmonary tumours were treated as responses irrespective of whether the death was planned or unplanned.
Comparisons of levels of pulmonary fibrosis and lung dust burdens were made using the generalised linear models facilities in the statistical package GENSTAT. 24 The proportion of lung area with interstitial fibrosis was logarithmically transformed before analysis using conventional analysis of variance methods. The proportion of the points on the lung with peribronchial fibrosis was analysed by logistic regression techniques. Lung dust burdens were compared by analysis of variance.
Results
ESTIMATION OF DUST CLOUDS
Dust cloud mass The mean mass concentrations for respirable chrysotile dust during the exposure period of 224 days was 9 9 mg/m3 for both charged and discharged dust clouds (table 1). The MRE sampler measuring the normally charged dust cloud, however, was found to -have been operating at slightly too high a flow rate between days 160 and 200 and since these figures had been used to control the dust clouds, the dust levels for the normally charged cloud had in fact been slightly too low. Although the magnitude of this error was only sufficient to reduce the mean dust cloud figures by less than 3% (0 3 mg) over the full duration of the study, it was decided to equilibrate the dust exposures by slightly increasing the respirable mass of the normally charged dust cloud over the last 24 days of the exposure period.
Fibre numbers and dimensions
The mean number of fibres (>5 pm in length by PCOM) in the two dust clouds was 2560/ml for the normal dust cloud and 2670/ml for the discharged dust cloud (table 1). The fibre size distributions for the two dust clouds, as measured by both PCOM and SEM, are illustrated in figs 1 and 2. The length and diameter 10 5. distributions shown for the two dusts are almost identical and fibre dimensions had obviously not been changed by the discharging process. dusting period the main lesions present were deposits of granulation tissue around the terminal and respiratory bronchioles (fig 3) . This granulation tissue consisted mainly of macrophages and fibroblasts but some foreign body giant cells were also present. At the end of the dusting period there was pronounced reticulin staining in the peribronchial deposits, although relatively little collagen could be shown by Van Gieson's stain. In lesions from older animals, however, collagen staining increased in intensity. As shown in table 3 the proportion of lung tissue containing areas of peribronchial fibrosis (PBF), at the end of the dusting period, was higher in animals treated with a normally charged chrysotile cloud than in animals that had inhaled discharged dust (p < 0 01) (t = 4-7 with 12 degrees offreedom). During the subsequent six months the areas of PBF were reduced in both treatment groups, partly because there appeared to be some contraction of the loose granulation tissue originally formed. This reduction, however, was not significantly different between the two treatment groups. In general from about 18 months onwards, areas of lung tissue in animals exposed to the two chrysotile clouds showed a progressive thickening of alveolar septa. In its earliest form this thickening was caused almost entirely by hyperplasia of type II pneumocytes but later there was considerable deposition of reticulin and eventually collagen in the septal walls ( fig 4) . As shown in table 3, these areas of alveolar interstitial fibrosis became more extensive as the animals aged. In the oldest animals the mean percentage of lung tissue affected with interstitial fibrosis was 12 2 in the rats treated with a normally charged dust cloud and 7-6 in rats that had inhaled discharged chrysotile. Analysis of variance between individual animals indicates, however, that these differences could have arisen by chance. In old control animals very small areas of interstitial fibrosis were occasionally found but the mean percentage of lung tissue affected for these groups was only 0 2%.
In some areas of the lungs of animals exposed to chrysotile the interstitial fibrotic element became progressively more pronounced with time but in some lesions hyperplasia of the epithelial cells lining the tissue spaces became more pronounced to produce a pattern of adenomatosis. Pulmonary tumours developed in animals exposed to both charged and discharged chrysotile (table 4) . Six pulmonary adenomas and eight carcinomas were found in rats treated with the normally charged dust and four adenomas, six carcinomas, and one mesothelioma were found in those treated with discharged dust. These incidence rates are not significantly different between the two treatment groups (Breslow test statistic 0 561 on 1 df). Most animals over 2 years of age from both treatment groups had areas of vesicular hyperplasia on their pleural surfaces as described previously.20 In only one case, however, had a definite mesothelioma occurred. There were no significant differences between the numbers of tumours found in organs other than the lung for the two groups of animals treated with chrysotile or the controls (table 5) .
LUNG DUST ANALYSIS
The amounts of chrysotile asbestos recovered from rat lung tissue in this study are illustrated in table 6. At the end of the dusting period, animals exposed to normally charged chrysotile had approximately 20% more retained dust than those exposed to discharged chrysotile. This difference is statistically significant (p < 0-01) (F-statistic 9-3 with 1 and 12 df). From the end of dusting the clearance of chrysotile from lung tissue was similar in both treatment groups with approximately 60% of dust being removed from the lung tissue over a six months period.
Discussion
In the present study rats were exposed to dust clouds of chrysotile asbestos either carrying a substantial electrostatic charge or discharged by passing through a thallium-204 source of # particles before entering into the exposure chamber. Charge levels for the untreated dust cloud throughout the experiment were found to be about 13 electrons/,um of fibre length and this was substantially lower than reported in previous short term deposition studies using the same techniques when charge levels of 20 electrons/pm were reported.'2 " The charge on airborne chrysotile fibres in these experiments was produced by the actions of the mechanical dust dispenser, compressed air, etc, and was, therefore, not under direct control. The difficulties of obtaining consistent effects in experiments with triboelectric and contact electrification under changing conditions of humidity are well known and some differences were not, therefore, unexpected, particularly as the earlier studies were conducted over a much shorter period than the present ones. Regardless of this, however, there was still a substantial difference between the charge levels present in the charged and discharged dust clouds which was quite sufficient to allow an examination of differences in long term dust pathogenicity resulting from the discharging process. In addition the levels of charge found in the present study were much closer to those reported for asbestos fibres in the working environment5 and this suggests that these experimental findings may be particularly relevant.
The differences in charge levels largely explain the lower differentials for dust deposition between the present long term studies and the previous short term ones. In 1983 it was reported that a 50% reduction of dust deposition occurred in rat lungs after the discharging of a cloud of UICC chrysotile when the original charge level had been 20 electrons/pm.'3 At a charge level of 13 electrons/,um, the reduction in dust deposition has been found to be approximately 20%. An added factor may have been the use of normal daylight dusting as has been usual for long term experimental pathology studies from this Institute'9202526 whereas the short term studies were conducted using reversed daylight techniques.27 By this administration of dust during the most active phase of the animal's life cycle it was shown that pulmonary dust deposition was substantially increased. In daylight dusting, however, the animal's
